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ABSTRACT 


In  the  northern  part  of  Saudi  Arabia  (Al-jouf  aij^fcunZiB;  _md  wa+  I  .s  the  main  water  source  which 
can  be  pumped  to  the  surface  using  publi^^BKricity  o.  ^^e^Bnerators  in  remote  areas  to  drive 
various  types  of  pumps.  Then  this  bracki^B  'is  desalirSHHRng  reverse  osmosis  (RO)  system  to 
get  fresh  water  suitable  for  drinking.  Sd^rsma.  B  Tie  reversPosmosis  (RO)  desalination  unit  is  very 
common  in  use  for  producing  fresh  water  from  bra  ih  water. 


The  present  study  is  directed 
of  50  m3/day  used  to  desalinate, 
can  be  used  in  remote  areas, 
production  capacity  of  50  m3/d 


water  resources  aval 
availability  of  solar 
with  RO  system  (the 
horizontal  and  tilted 

ow  th' 


s  and  test  t™  ■rformance  of  small  RO  system  with  a  capacity 
ckish  water  with  mlnrimum  2000  ppm  total  dissolved  solids,  which 
o  similaUMpll  scale  RO  units  have  been  tested  (each  unit  has 
o  invest!  te  the  performance  and  cost  analysis.  In  addition,  the 
orthern  Saudi  Arabia  is  included.  Also,  the  higher 
e  considered  in  future  projects  by  coupling  solar  energy 
solar  radiation  is  estimated  to  be  5.77  and  7.22  kWh/m2/day  for 
In  addition,  the  annual  average  daylight  hours  are  12  h). 
power  consumptions  are  3.99  and  3  KWh/m3  based  on  installed  and 
respectively.  Also,  from  the  cost  analysis,  percentage  costs  are  49.4%, 
or  cost,  chemicals  cost,  electric  power  cost,  fixed  cost,  and  membrane 
Also,  the  production  cost  resulting  from  the  small  BWRO  desalination 
SR/m3  (about  2$/m3).  Finally,  comparing  the  obtained  results  with  the 
pes  obtained  from  similar  researches  showed  an  acceptable  agreement. 
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1.  Introduction 

Skaka  city  lies  in  the  northern  part  of  the  Kingdom  of  Saudi 
Arabia  (29.97°  Latitude  and  40.21°  Longitude).  It  is  an  excellent 
agricultural  region  where  palms  cultivation  constitutes  the  main 
agriculture  sector.  In  addition  to  wheat,  a  wide  variety  of  fruits 
and  vegetables  are  also  grown.  However,  ground  water  and 
sunlight  are  available,  which  makes  decentralized  solar  photo¬ 
voltaic  (SPV)  powered  water  pumping  and  desalination  more  cost 
effective  especially  for  remote  areas.  The  Geographic  location  of 
Skaka  city  is  shown  in  Fig.  1. 

In  the  northern  part  of  Saudi  Arabia,  underground  water  is  the 
major  water  source  which  can  be  pumped  to  the  surface  using 
public  electricity  or  diesel  generators  for  remote  areas  to  drive 
various  types  of  pumps.  Then  this  brackish  water  is  desalinated 
using  reverse  osmoses  (RO)  system  to  get  fresh  water  suitable  for 
drinking. 

Water  desalination  by  the  technique  of  reverse  osmosis  has 
proved  to  be  the  lowest  energy  consuming  technique  according  tq 
many  studies  [1-4].  It  consumes  nearly  around  half  of  the  ener 
needed  for  thermal  processes  [1-4].  Also,  the  modularity  of  R 
units,  the  simplicity  of  operation,  their  compact  sizes  and  lower 
environmental  impacts  give  them  priority  to  be  use^^^^ter 
desalination  in  remote  areas.  Water  desalination  ’  ~ 

removes  not  only  inorganic  ions  but  also,  org 
viruses  and  bacteria.  The  present  work  is  dir 
basics  of  water  desalination  using  RO  systeij^nen,  av 


water  and  solar  resources  in  the  location  under  study  is  included. 
Finally,  the  performance  and  cost  analysis  of  the  RO  plant  is 
investigated. 
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2.2.  The  need  for  desalination 
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"iter  salinu  ^teuses  the  problem  of  taste,  stomach 
and  laxative  effects.  The  purpose  of  a  desalination 
or  purify  brackish  water  or  seawater  and 
total  dissolved  solids  within  the  permissible 
or  less.  This  is  accomplished  by  several  desali- 
that  will  be  mentioned  below. 

key  elements  of  desalination  plants 

SThe  five  key  elements  of  a  desalination  system  for  either 
rackish  water  or  seawater  desalination  are  as  follows  [21]: 

1.  Intakes  are  the  structures  used  to  extract  source  water  and 
transfer  it  to  the  process  system. 

2.  Pretreatment  is  a  removal  of  suspended  solids  and  control  of 
biological  growth,  to  prepare  the  source  water  for  further 
processing. 

3.  Desalination  is  the  process  that  removes  dissolved  solids, 
primarily  salts  and  other  inorganic  constituents,  from  a  water 
source. 

4.  Post-treatment  is  the  addition  of  chemicals  to  the  product 
water  to  prevent  corrosion  of  downstream  infrastructure 
piping. 

5.  Concentrate  management  is  the  handling  and  disposal  or  reuse 
of  waste  residuals  from  the  desalination  system. 
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Fig.  1.  Geographic  location  of  Skaka  city  in  Kingdom  of  Saudi  Arabia. 


1.3.  Desalination  technologies 

Commercial  desalination  technologies  can  be  classified  mainly 
based  on  the  desalination  processes  either  thermal  desalination 
using  distillation  such  as  multi-stage  flash  (MSF)  and  multi-effect 
distillation  (MED)  or  membrane  based  desalination  such  as 
reverse  osmosis  (RO)  technology  [4,21-23]. 

2.4.  Advantages  of  small  scale  RO  desalination  systems 

Small  scale  desalination  systems  are  systems  with  capacity  of 
up  to  60  m3/day.  Most  of  the  small  scale  systems  are  implemen¬ 
ted  in  remote  areas  or  for  home  use. 
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Nomenclature 

P 

pressure,  Bar 

PE 

public  electricity 

A 

surface  area,  m2 

PI 

pressure  indicator 

BW 

brachish  water 

RO 

reverse  osmosis 

BWRO 

brackish  water  reverse  osmosis  unit 

SR 

Saudi  Reyal  (local 

CF 

carbon  filter 

SWRO 

sea  water  reverse 

GPM 

gallon  per  minute 

T 

temperature,  °C 

Ffhori 

the  average  daily  solar  energy  on  horizontal  plane, 

KWh/m2/day 

Subscripts 

FTnit 

the  average  daily  solar  energy  on  tilted  plane, 
KWh/m2/day 

a 

ambient 

hP 

horse  power 

av 

average 

HP 

high  pressure 

hori 

horizontal  plane 

KWh 

power  in  kilowatt  hour 

tilted 

tilted  plane 

LPM 

liters  per  minute 

MF 

multimedia  filter 

Reverse  osmosis  (RO)  is  membrane  desalination  system.  Advan¬ 
tages  of  RO  are  low  energy  requirements,  modularity,  compactness, 
easy  installation,  and  simplicity  in  operation  [24-29].  This  enables 
RO  system  to  produce  cheap  fresh  water  with  high  volume. 
Consequently,  small  scale  unites  of  BWRO  system  are  very  common 
in  use  in  northern  Saudi  Arabia  (KSA).  The  Simple  RO  unit  is  shown 
Fig.  2. 


2.  Basics  of  desalination  using  RO 

Reverse  osmosis  is  a  form  of  filtration,  in  which  the  filter 
semi-permeable  membrane  that  allows  water  to  pass  throu 
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Desalination  step: 
Membrane  modules 


{e  remaining  70%  appears  as  concentrate,  which  is 
sea.  However,  this  concentrate  comes  out  of  the 
module  at  a  pressure  only  slightly  below  that  of 
ning  that  it  contains  roughly  two  thirds  of  the  total 

*lic  power  originally  supplied  by  the  pump.  In  large  RO 
s,  this  energy  is  usually  recovered  by  way  of  a  Pelton 
turbine  and  returned  to  the  shaft  of  the  main  pump,  allowing  the 
motor  size  to  be  roughly  halved  dramatically  improving  the 
overall  system  efficiency.  This  is  known  as  brine-stream  energy 
recovery.  In  small  RO  systems,  brine-stream  energy  recovery  is 
often  omitted,  which  reduces  capital  costs  but  adds  considerably 
to  the  running  costs  (energy)  [5]. 

2.1.  Single  module  RO  system 

A  module  consists  of  a  pressure  vessel  with  up  to  eight 
membrane  elements  which  are  connected  in  series.  The  concen¬ 
trate  of  the  first  element  becomes  the  feed  of  the  second,  and  so 
on.  The  products  tubes  of  all  elements  are  coupled  and  connected 
to  the  module  permeate  port.  Single  module  systems  are  chosen 
when  only  one  or  a  few  membrane  elements  are  needed  for  the 
specific  permeate  flow.  Fig.  4  shows  a  module  containing  two 
elements.  Feed  water  enters  the  system  through  the  feed  valve 
and  flow  through  the  cartridge  filter  to  the  high-pressure  pump. 

2.2.  Single  stage  system 

In  a  single  stage  system,  two  or  more  modules  are  arranged  in 
parallel.  Single  stage  systems  are  typically  used  where  the  system 
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Fig.  2.  Simple  reverse  osmosis  (RO)  system  [25]. 


Fig.  3.  Schematic  of  a  simple  reverse  osmosis  (RO)  system  [5]. 
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Fig.  4.  Schematic  of  single  module  RO  system  [5]. 


RO  system  [5]. 
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Guirf^Be  criteria  fo|^lecting  number  of  stages  for  RO  plants  [5]. 
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Fig.  5.  the  schemaS^P^single  stage  RO  system  [3]. 


recovery  is  less  than  50%.  An  example  of  single  stage  system  is 
outlined  in  Fig.  5  [3]. 


Fig.  7.  Pelton- wheel  energy  recovery  [7]. 


2.4.  Selection  of  number  of  stages 

Based  on  the  proposed  system  recovery,  the  criteria  for 
selecting  number  of  stages  is  given  in  Table  1  [5]. 


2.3.  Multi-stage  system 

Systems  with  more  than  one  stage  are  used  for  higher  recoveries 
without  exceeding  the  single  element  recovery  limits.  Usually  two 
stages  will  suffice  for  recovery  up  to  75%  and  three  must  be  used  for 
higher  recovery.  A  typical  two-stage  system  using  a  staging  ratio  of 
2:1  is  shown  in  Fig.  6.  The  staging  ratio  is  defined  as  the  ratio  of 
pressure  vessels  in  two  adjacent  stages  (upstream  vessels: down¬ 
stream  vessels)  [5]. 


3.  Energy  recovery  from  brine-stream 

The  energy  efficiency  of  seawater  RO  is  heavily  dependent  on 
recovering  the  energy  from  the  pressurized  concentrate  (brine). 
This  was  recognized  and  investigated  several  years  before  RO 
became  commercially  viable  [6].  With  brackish  water,  much 
higher  water  recovery  ratios  are  possible,  meaning  that  there  is 
much  less  energy  in  the  concentrate,  which  makes  brine-stream 
energy  recovery  less  critical.  The  different  recovery  systems  that 
applies  mostly  to  seawater  RO  are  shown  in  Figs.  7-10  [6,16,17]. 
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4.  Energy  recovery  in  small-scale  RO 

Small  reverse-osmosis  systems  are  often  built  without  any 
energy  recovery  mechanism.  They  have  a  manually-operated 
needle  valve  or  pressure-operated  relief  valve  to  control  the 
back-pressure  in  the  concentrate.  This  keeps  the  capital  cost 


Hydraulic  Turbo  Booster 


Pump  Medium 
pressure 


RO  membranes 


Motor 


Concentrate 


down  but  is  a  waste  of  energy.  Typically,  70%  of  the  input  power 
is  wasted  in  the  valve.  Consequently,  such  systems  often  consume 
higher  specific  powering  KWh/m3,  making  them  more  expensive 
to  run.  Turbines  tend  to  have  poor  efficiency  at  small  sizes. 
Gwillim  [30]  looked  into  the  possibility  of  using  a  Pelton  wheel 
for  energy  recovery  in  a  3-m3/day  seawater  RO  system.  It  needed 
a  jet  size  of  less  than  1  mm  acting  on  a  wheel  of  diameter= 
300  mm.  Also,  high  windage  losses  were  expected,  together  with 
high  manufacturing  costs,  and  in  general,  the  approach  was 
considered  impractical  for  energy  recovery  in  small-scale  RO 
systems. 

Recommended  devices  for  energy  recovery  in  small  scale  RO 
systems  will  be  discussed  in  the  following  subsections  [6]. 


Fig.  8.  Hydraulic  Turbo  Booster  energy  recovery  [6,16]. 
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Fig.  9.  DWEER  Work  Exchanger  layout  [6,17]. 
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Fig.  11.  Simple  config 


of  a  Clark  pump  in  an  RO  system  [6]. 


ip  is  a  little  like  the  dual  work  exchanger,  except 
cylinders  are  in-line  and  the  two  pistons  are 
^icted  by  a  rod.  The  rod  creates  a  difference  in  the  effective 
the  two  sides  of  each  piston,  which  allows  the  relative 
lows  to  be  adjusted  by  design.  Furthermore,  connecting  the  two 
pistons  allows  energy  from  the  feed  to  be  added  to  that  of  the 
concentrate,  yielding  an  output  pressure  higher  than  that  of  the 
concentrate.  Hence,  the  Clark  pump  is  sometimes  described  as  a 
pressure  intensifier.  A  further  description  of  its  operation  is 
presented  below  [6]. 

The  simplest  configuration  of  a  Clark  pump  in  an  RO  system  is 
shown  in  Fig.  11. 

It  requires  only  one  motorized  pump  and  no  pressure  regulat¬ 
ing  mechanism:  the  water  recovery  ratio  (product  flow  to  feed 
flow)  is  fixed  by  the  ratio  of  the  cross-sectional  area  of  the  rod  to 
that  of  the  piston.  This  simple  configuration  is  marketed  by 
Spectra  and  achieves  specific  energy  consumption  as  low  as 
3.2  kWh/m3  for  seawater  at  TDS  of  35,000  ppm,  at  25  °C,  which 
is  excellent  for  small  systems  [6].  The  other  advantage  of  a  Clark 
pump  is  its  higher  energy  efficiency  under  a  wide  range  of  flow 
and  pressure  [6]. 


Table  2 

Samples  of  wells  in  Skaka  city  and  their  water  specifications  [7,20]. 


Well  no. 

1 

2 

3 

Water  level  depth,  from  the  ground  (at  rest 
water  level)  (m) 

40 

118 

294 

Dynamic  water  level  (m) 

121  @600  GPM 

130@425  GPM 

331  @600  GPM 

Pump  level  depth  from  the  water  surface  (m) 

Dynamic  depth@Qmax+(25:30) 

Dynamic  depth@  Qmax+ (25:30) 

357 

Water  TDS  (ppm) 

600 

750 

1300 

Well  depth  and  diameter  (m) 

350  &  0.35 

351  &  0.35 

950  &  0.35 

Iron 

0.03 

0.03 

0.03 

Decrease  in  water  level  due  to  high  water  flow 

-33  m@300  GPM, 

-  5  m@200  GPM,  -  6  m@300  GPM, 

25  m@400  GPM, 

rate  (from  rest  water  level) 

- 60  m@500  GPM,  -81@600GPM 

-11  m@400  GPM,  — 12@425  GPM 

31  m@500  GPM, 

37  m@600  GPM 

Tested  flows  (gallon/min@different  heights) 

600  GPM@155  m 

325  GPM@155  m 

800@15  m,  1000@22  m, 
1200@28  m,  1500@41  m 
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5.  Water  resources  and  solar  energy  availability 

To  study  the  feasibility  of  developing  a  project  like  brackish 
water  desalination  in  remote  areas  powered  by  a  PV  generator,  it 
is  very  important  to  ensure  the  availability  and  specifications  of 
brackish  water  resources  and  solar  energy  in  these  regions.  From 
this  point  of  view,  Tables  2  and  3  introduce  the  specifications  of 
the  water  resources  and  solar  energy  in  Skaka  areas  of  KSA  [8]. 


This  capacity  size  is  considered  as  commercial  unit.  The  unit  sche¬ 
matic  diagram  is  shown  in  Fig.  13a  and  b  [9]. 

As  shown  in  Fig.  13b,  the  process  sequence  starts  by  the  low- 
pressure  feed  pump  (4  m3/h@  4  bar)  which  is  driven  by  2.5  hp 
motor  which  pumps  feed  water  to  the  pretreatment  stages. 

After  the  pretreatment  stages,  the  high  pressure  pump,  see 
Table  5  for  details,  will  raise  the  water’s  dynamic  pressure  to 
overcome  the  osmotic  pressure  of  the  salt  solution,  therefore  causing 


More  details  of  submersible  pump  installation  are  shown  in 
Fig.  15.  From  Table  2  it  is  clear  that,  the  higher  the  well  depth 
the  higher  the  water  production.  Also  in  some  cases,  increasing 
well  depth  can  produce  self-rising  of  production  water  which  is 
the  so  called  artesian  well  [7,20]. 

The  solar  radiation  data  for  the  Skaka  city  in  the  north  of  KSA 
(29.97°  Latitude  and  40.21°  Longitude)  were  obtained  from  the 
NASA  surface  meteorology  and  solar  energy  website  [8].  The 
annual  average  solar  radiation  for  this  region  is  5.77  and 
7.22  l<Wh/m2/day  for  horizontal  and  tilted  plane  respectively. 
Moreover,  the  annual  average  daylight  hours  are  12  h  which  is 
highly  attractive  for  solar  energy  future  projects.  Fig.  12  shows 
the  site  solar  resource  profile  over  a  1-year  period  [7]. 

The  average  daily  solar  energy  on  horizontal  and  tilted  planes 
in  l<Wh/m2/day,  mean  ambient  temperature(C°)  and  average 
sunshine  hours  for  a  complete  year  for  Skaka  city  located  in 
KSA  are  given  in  Table  3  [8]. 

6.  Plant  and  process  description 

The  brackish  water  RO  desalination  unit  was  commissioned  in 
2000.  Its  design  product  capacity  was  15,000  gallon/day  (57  m3/da; 


water  permeation  from  the  saline  side  of  the  membrane  to  the 
freshwater  side  to  the  product  tank.  Salts  are  rejected  from  the 


Membrane 

Assembly 


Feedwater 


Table  3 

The  average  daily  solar  energy  on  horizontal  and  tilted  planes,  mean  t 
and  average  sunshine  hours  for  a  complete  year  for  Skaka  city  in 
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Annual  average 
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3.31 
4.36 
5.58 
6.71 
7.42 
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8.05 
7.49 
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4.87^ 
3 


Feed  water  pump 

Fig.  13.  (a)  Simple  schematic  diagram  of  a  BWRO  unit,  (b)  Detailed  schematic 
diagram  of  the  BWRO  unit  under  the  study. 
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Fig.  12.  Average  solar  data  over  a  1-year  period  for  Skaka  area  [8]. 
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Table  4 

The  BWRO  plant  design  operation  specifications  [9]. 

Max.  feed  water  temperature,  (°C) 

42 

Feed  water  pressure  (psi) 

20:80 

Operating  pressure  (psi) 

180:250 

H2  sulfide 

Must  be  removed 

Turbidity 

Should  be  removed 

Max.  iron  content  (ppm) 

0.05 

Feed  water  TDS  (ppm) 

0:2000 

Hardness  over  1  GPG 

Requires  water  softener 

pH  range 

3:11 

Max.  silica  (ppm) 

25  ppm@60%  recovery 

Membrane  size  and  quantity 

4  x  40  in.,  Q=2 

Permeate  flow  (GPD) 

15,000 

Motor  power@TDS  =  1 000  ppm  (hp) 

3 

Table  5 

Details  of  high  pressure  pump  [9]. 

Type 

Multi-stage-vertical-centrifugal  pump 

Maker  and  model 

Grandfoss,  CDLF4 

Design  flow  (m3/h) 

4 

Design  head  (bar) 

15 

Material 

SS-316 

Motor  power  (hp) 

5.5 

membrane  as  concentrated  water  through  the  concentrate  pass  from 
the  membrane  pressure  vessel  and  hence  the  separation  is  accom¬ 
plished.  Brine  control  is  maintained  by  manual  control  valve  to  keep 
the  required  pressure  for  membrane  operation  (15  bar).  The  plant 
design  specifications  are  given  in  Table  4  [9].  More  details  about  the 
plant  major  parts  are  given  in  the  following  subsections. 

6.2.  Water  wells  and  water  quality  (brackish  water  intake) 

A  feed  well  supplying  brackish  water  has  depth  of  about  351  m 
with  a  capacity  of  around  325  GPM  and  temperature  of  27-32  °C. 
Well  water  TDS  quality  varies  between  600  and  1300  mg/1  (max. 
1300).  Table  2  shows  the  typical  wells  water  analysis  [7,20].  The 
Installation  drawing  for  brackish  water  submersible  pump  is 
shown  in  Fig.  15. 


6.2.  Pretreatment  (filtratio 


' tioning ) 


Membrane 

replacement 

5% 


Chemicals, 

28.66% 
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Labor, 
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Fig.  14.  A  small  scale  BWRO  percent 


Electric 

power, 
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In  RO  systems,  c^M  a  1  pr 'Treaty!  .o  needed  in  order  to 

prevent  membrane  ;  Mam’  .don  anu  fouling:  pre-filtration  to 
remove  suspend  \sck  I  mi  fe^M;ater  and  filtration  by  active 
carbon  to  rg^mre  diS^^d^  ^anic  materials  and  chlorine 
compound"  system  i^>  1  iposed  of  the  feed  pump  which 

pumps  mPTeea  ^er  from  che  feed  tank  to  the  pretreatment 
stage^^^hown  in  13b,  the  first  stage  is  the  multimedia  filter 
(M  .vi.  ch  removes^^pended  and  colloidal  particles  from  the 
ff  i  water.  Tlwi  the  water  is  passed  through  cartridge  filters  (CF). 
T  first  oru  s  5  pm  cartridge  filter  to  prevent  fouling  for 
su^k^ledu^Rcles  greater  than  5  pm.  The  second  one  is  an 
active.  p  oon  cartridge  filter  to  remove  dissolved  organic 
trials  and  chlorine  compounds.  The  third  stage  is  a  softener 
fridge  filter  to  minimize  precipitation  and  scaling. 

The  used  filter  media  are  sand  and  anthracite  which  is  the 
most  common  in  use.  The  effective  grain  size  for  fine  sand  filter  is 
in  the  range  of  0.35-0.5  mm,  and  0.7-0.8  mm  for  anthracite  filter. 
In  comparison  to  single  sand  filter  media,  dual  filter  media  with 
anthracite  over  sand  permits  more  penetration  of  the  suspended 
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Fig.  15.  Installation  drawing  for  brackish  water  submersible  pump  [19]. 
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matter  into  the  filter  bed,  thus,  resulting  in  more  efficient 
filtration  and  longer  runs  between  cleaning.  The  design  depth  of 
the  filter  media  is  62  in.  (157  cm).  In  the  dual  filter  media,  the 
filters  are  usually  filled  with  65%  of  sand  covered  with  35%  of 
anthracite. 

Dosing  of  the  following  chemicals  is  done:  sulfuric  acid  dosage 
@  30  mg/L  is  done.  The  feed  water  pH  is  reduced  to  6.5-7.  Sodium 
poly-phosphate  is  also  dosed  @  4  mg/L  [9], 

6.3.  Desalination  membranes 

The  plant  has  four  membranes  inside  two  pressure  vessel  (Low 
energy  BW  membrane,  which  can  work  up  to  2000  TDS  of  feed 
water).  Brine  control  is  maintained  by  calibrated  manual  control 
valve.  The  feed,  brine  and  product  manifolds  are  vertically 
installed  with  float  type  flow  indications.  Post  chlorination  is 
carried  out  in  the  product  tank  prior  to  distribution.  At  every 
shutdown  of  the  R.O.  unit,  flushing  is  done  manually  with  RO  feed 
water  to  protect  the  system  against  scaling  and  corrosion  by  the 
stagnant  water. 


7.  Plant  performance  and  product  water  cost 

The  water  flow  rate  is  measured  using  rotameter  which  is 
placed  at  the  outlet  of  the  product  and  concentrate  water.  It  has 
an  accuracy  of  +  0.5%  of  full  scale,  while  pressure  at  the  inlet  of 
RO  unit  is  measured  by  burden  tube  pressure  gage  which  has  an 
accuracy  of  ±  0.1  of  full  scale  reading.The  current  consumed  by 
both  feed  and  HP  pumps  is  measured  by  a  portable  clamp  ampere 
A  summary  of  the  actual  measured  flows,  pressures  and  pow 
consumption  is  given  in  Table  6. 


7.2.  Chemicals  and  energy  consumption 

Typical  practical  energy  and  chemicals  consjal^ 
plant  under  the  study  are  summarized 
respectively. 


2.99  KWh/m3  at  the  same  flow  rates  of  permeate  and  concentrate 
water. 

From  Table  7,  the  total  specific  cost  of  chemicals  per  cubic 
meter  is  2.03  SR/m3  which  is  equivalent  to  0.58$/m3. 

7.2.  Cost  analysis 

The  data  and  assumptions  used  for  calculating  the  cost 
analysis,  which  are  shown  in  Fig.  13,  are  summarized  as  follows: 

1.  Capital  cost  is  taken  based  on  recent  offer  received  from  Pure 
Aqua,  Inc.  (100,000  SR  against  BWRO  unit  of  50  m3/day 
capacity)  [9]. 

2.  Annual  membrane  replacement  cost  is  estimated  equal  to  10% 
of  the  membrane  purchase  costj^ 

3.  Membrane  purchase  cost  is  a 

capital  cost  [4].  4 

4.  The  lifetime  is  assumed 
under  the  study 

5.  The  other  is  actuaj^BPta  o 
manual. 
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Table  6 

The  Actual  measuremen 


A 


Product  water  flow  (LPM) 

Concentrate  water  flow  (LPM) 

RO  inlet  pressure  (Bar) 

Booster  pump  (Amps)  (installed  capacity) 
Booster  pump  (Amps)  actual 
HP  pump  (Amps)  (installed  capacity) 

HP  pump  (Amps)  actual 
Feed  water  TDS  (ppm) 

Permeate  water  TDS  (ppm) 

Concentrate  water  TDS  (ppm) 


28 

20 

15 

13  A@220  V,  60  Hz 
9.1  A@220V,  60  Hz 
17.4  A@220  V,  60  Hz 
13.9  A@220  V,  60  Hz 
600:650 
120 
1780 


ify  the  obtained  results,  it  is  compared  with  other 
filar  researches.  A  summary  of  the  other  similar  researches  is 
lown  in  Table  9.  Generally,  the  comparison  of  specific  power 
msumption  shows  an  acceptable  agreement  with  the  present 
results.  The  slight  differences  are  mainly  due  to  the  differences  in 
operating  pressure  at  RO  inlet  and  the  source  of  electrical  power. 


9.  Conclusions 

The  present  study  was  firstly  focused  on  Skaka  city  located  in 
Al-jouf  Area,  KSA,  which  is  rich  in  brackish  water  and  solar  energy 
as  natural  resources.  Then,  the  performance  and  cost  analysis 
of  small  scale  BWRO  desalination  units  has  been  studied  (50  m3/day). 


Table  8 

The  itemized  unit  cost  (SR/m3)  for  potable  water 
produced  from  BW,  using  a  small  scale  RO  units 
under  the  present  study. 


Fixed  cost  (SR/m3) 

0.595238 

Electric  power  (SR/m3) 

0.6 

Labor  (SR/m3) 

3.5 

Membrane  replacement  (SR/m3) 

0.357143 

Chemicals  (SR/m3) 

2.03 

Total  unit  cost  (SR/m3) 

7.082381 

Table  7 

Actual  chemicals  consumption  and  prices. 


Chemical  name 

NaOH 

Anti-scale 

Chlorine 

Sulfuric  acid 

Stabilizer 

Specific  consumption 

0.02  L/m3 

5  g/m3 

0.03  L/m3 

0.08  L/m3 

0.04  L/m3 

Cost  in  SR 

30  L=120  SR 

20  Kg  =120  SR 

30  L=  120  SR 

4  L  =30  SR 

20  L=600  SR 

Specific  cost  (SR/m3) 

0.08 

0.03 

0.12 

0.6 

1.2 
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Table  9 

Summary  of  results  obtained  from  similar  researches,  for  comparison  with  the  present  ones  [10-15]. 


Plant-1  Plant-2  Plant-3  Plant-4  Plant-5  Plant-6  Plant-7  Plant-8 


Location 
Year 

Capacity  (m3/day) 

KWh/m3 

Unit  cost 

Ref,  no.  [15] 

Feed  water  intake  type  SW,  Surface 
&  TDS  (mg/L)  intake,  43,000 

System  type  PE-RO  (public 

electricity) 

Type  of  research  Implemented 


Hurgada,  Egypt  Sharm,  Egypt  El-Tor,  Egypt  Safaga,  Egypt  Hurgada,  Egypt  Manfouh, 

Riyadh,  KSA 

2002  2002  2002  2002  2002  1998 

4800  3500  2000  500  250  84,000 

The  energy  consumption  rate  could  reach  about  11  KWh/m3  for  the  smallest  RO  plant,  1.712 
and  decreases  to  about  8  KWh/m3  for  the  bigger  plants  [15] 

1.28$/m3  1.73$/m3  1.85$/m3  2.46$/m3 


[15] 

SW,  Well: 
43,000 

PE-RO  (public 

electricity) 

Implemented 


[15] 

SW,  Well: 
47,000 

PE-RO  (public 

electricity) 

Implemented 


[15] 

SW,  Well: 
49,000 

PE-RO  (public 

electricity) 

Implemented 


2.7$/m 

[15] 

SW,  Well: 
47,000 

PE-RO  (public 

electricity) 

Implemented 


0.98  SR/m3 
(0.261$/m3) 

[12] 

BW,  Well, 
1300-1700 
PE-RO  (public 
electricity) 
Implemente( 


Sadous  Riyadh, 

KSA 

1995 

15 

4.675  (total 
installed  power) 
Not  mentioned 

[13] 

BW,  Well,  5888 
PV-RO  (photo- 


These  units  are  common  in  use  for  potable  water  production.  The 

following  conclusions  are  summarized: 

1.  The  study  highlighted  and  focused  on  the  availability  and 
quality  of  brackish  water  as  the  main  source  for  potable  water 
production,  in  northern  KSA,  and  also  on  the  availability  of 
solar  energy  during  all  year  at  higher  intensity  (annual  average 
daily  solar  energy  intensity  is  7.22  I<Wh/m2/day  on  tilted 
planes,  and  annual  average  sunshine  hours  per  day  are  12  h). 
These  resources  have  a  good  potential  for  development  in 
future  for  solar  energy  projects,  especially  in  remote  areas. 

2.  For  small  scale  BWRO  units,  the  specific  power  consumptiqj 
are  found  to  be  3.99  and  3  KWh/m3  based  on  installed' 
actual  power  consumption  respectively.  Also,  from  the 
analysis,  the  percentage  costs  are  49.4%,  28.66%,  8.47%,  8.4 
5%  for  labor  cost,  chemicals  cost,  Electric  powj 
cost,  and  membrane  replacement  cost  respect^ 

3.  It  is  found  that  the  production  cost  resulting  I 
desalination  is  7  SR/m3  (about  2$/m3). 

4.  The  annual  average  solar  radiation  fo  ;  reg 

study  is  estimated  to  be  5.77  a  2  kWhf 

horizontal  and  tilted  plane  respect!  _iy. 
average  daylight  hours  are  12J^vhich  is 


India 

2009 

50 

1.58 

6100  IDR/m3 
[14] 

BW,  Well:  3850 

PE-RO  (public 

electricity) 

Implemented 


manual.  Dow  Water  & 


seawater  powered  by  photo- 
Loughborough  University:  2003. 
udi  Arabia. 

ergy.  Available  from:  <  http:/ /eosweb. 
reverse  osmosis  company,  <http://www. 


solar  energy  future  projec 
and  evaluate  brackish 
desalination  units  power 
remote  areas. 


ition,  thc/annual 
attractive  for 
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